Estrogenic compounds have been shown to induce specific endocrine system responses in various species. The protein vitellogenin and its corresponding mRNA have been shown to be induced by estrogenic chemicals in aquatic species. In this investigation the estrogenic chemical nonylphenol was studied in rainbow trout for lethality, estrogenicity, and persistence of effects through the use of reverse transcription polymerase chain reaction of liver vitellogenin mRNA. These results show that nonylphenol produces estrogenic effects in rainbow trout at concentrations well below the LC50.
Mueller and Kim demonstrated in 1978 that various simple alkylphenols could compete with [
3 H]estradiol for binding to the estrogen receptor (Mueller and Kim, 1978) . In 1991, Soto and co-workers described the estrogenic activity of nonylphenol leached from a modified polystyrene plastic used in the production of laboratory plasticware (Soto et al., 1991) . White and co-workers reported that nonylphenol is an estrogenic chemical and competes with estrogen for binding to the estrogen receptor, as well as stimulates human breast cancer cell growth (White etai, 1994) . Environmental pollution with estrogenic chemicals has been suspected to be deleterious to wildlife and human health for the past decade and may be related to increased breast and prostatic cancer cases in the United States as well as to the increased incidence of disorders of the male reproductive tract (Safe, 1994; Raloff, 1994; Water Management No. 68, 1993; Colborn etai, 1993) .
Although alkylphenols, including nonylphenol, are estrogenic and thus considered hazardous to aquatic life, most of the work done on these compounds has been done in cell cultures or other in vitro systems. In order to make realistic evaluations of this hazard on a quantitative basis, in vivo assessments of toxicological endpoints should be made. Since nonylphenol is lethal at certain concentrations in water, it would be of value to know the relationship between the lethal concentration and the concentration at which estrogenic effects are present. If the concentrations of nonylphenol needed to produce estrogenic effects are similar to lethal concentrations, then lethality would obscure the estrogenic effects.
It has been known for some time that estrogenic substances stimulate the formation of vitellogenin in a variety of aquatic species (Wallace and Selman, 1981) . The appearance of vitellogenin in male fish and immature females is a sign of the presence of estrogen (Emmersen et al., 1979) .
In order to investigate the potency of nonylphenol with respect to lethality and estrogenicity, in vivo concentrationresponse relationships for both death and vitellogenin induction were investigated in rainbow trout. The trout were exposed to various concentrations of nonylphenol in a flowthrough system after which the estrogenic effects were determined by RT-PCR responses of liver vitellogenin mRNA.
METHODS
Rainbow trout (Oncorhynchus mykiss; 50-200 g) were purchased from Hideaway Springs Trout Farm (West Bend, WI). The trout were maintained under flow-through conditions in dechlonnated tap water at 10 to 15°C on a 12:12 hr light-dark photopenod. The fish were fed daily with Silvercup trout pellets (Murray Elevators, Murray, UT) at a rate approximately equal to 5% body weight per day for at least 3 weeks before the experiment. The fish that were used for this study included both male and immature female rainbow trout. The trout were maintained under conditions in compliance with the 1ACUC Committee of the University of Wisconsin Great Lakes Research Facility.
Rainbow trout were exposed to various levels of nonylphenol (from 10 to 250 ppb) under flow-through conditions. The administration of the nonylphenol was controlled through the use of variable flow mini-pumps (VWR brand, VWR Scientific, Chicago, IL). The pump's flow rate was checked for accuracy both prior to and after the exposure to ensure that the proper amount of nonylphenol was being administered. The volume of the tanks used for the flow-through experiments was 178.1 liter with the water and solution entering from the lower back and exiting the tank at the upper front region. The nonylphenol was dissolved in dimethylformamide (DMFA) at a concentration of 120.4 mg per liter. Control fish were exposed, under identical flow-through conditions, to DMFA alone.
Reverse transcription PCR was performed using 2 /xg total RNA and 0.15 iiM primers for 30 cycles. The annealing temperature was 59°C (RT-PCR kit from Perkin-Elmer). The 30-cycle RT-PCR was performed at 95°C for 30 sec, 59°C for 45 sec, and 70°C for one min. A 2% agarose gel was used for analysis of the RT-PCR products. Aliquots of 8 //I each of the vitellogenin (Vg) and /3-actin control cDNA, from 100 \A total PCR volume, were loaded in the gel. One or both of the following cDNA standards were also loaded to help to verify the size of the cDNA pieces: <j> 174/Hae3 (Amersham Corp., Arlington Heights, IL) or a l-kb cDNA stan-dard (Gibco BRL, Gaithersburg, MD). The cDNA product for Vg is 827 base pairs (bp) long, and 541 bp for /3-actin, the internal standard.
The two sets of primers used in this study were synthesized by the Protein/Nucleic Acid Shared Facility at the Medical College of Wisconsin. The primers for RT-PCR are Vg59 upstream, 5'-ggt tgc cac ate tga aag gac-3', and Vg59 downstream, 5'-agg cag aca acg cag cac ag-3'. /?-Actin primers, used for internal control purposes, had the sequences 5'-cct gac cct gaa gta ccc ca-3' (up) and 5'-cgt cat gca get cat age tc-3' (down).
Total RNA from treated and control rainbow trout liver was purified using TRIZOL reagent (Gibco BRL, Gaithersburg, MD) according to the manufacturer's instructions. The reagent was used in the ratio of 1 ml/50 mg of liver tissue.
RESULTS
Rainbow trout were exposed to 50 ppb of nonylphenol during an 8-day time course under flow-through conditions to check for the temporal aspects of the production of vitellogenin mRNA. Terminations were carried out at 0, 1, 2, 4, and 8 days to check for the appearance of nonyl phenolinduced vitellogenin mRNA. Following total RNA purification, vitellogenin cDNA bands were generated by RT-PCR from nonylphenol-treated rainbow trout. The band of interest was vitellogenin cDNA with 827 bp (Vg59). No Vg band appeared in the control samples. Vitellogenin mRNA appeared at 1 day (Fig. 1) .
Rainbow trout were exposed either to 50 ppb nonylphenol in DMFA (treated) or to DMFA alone (control) for 72 hr under flow-through conditions. At 72 hr the fish were placed in clean water and terminated at 24-hr intervals to check for the disappearance of the vitellogenin RT-PCR cDNA. Qualitative results showed a substantial decrease in the level of vitellogenin RT-PCR cDNA at 48 as well as 72 hr posttransfer (Fig. 2) .
Rainbow trout were exposed to various levels of nonylphenol ranging from 10 to 150 ppb under flow-through conditions for 72 hr to produce a nonylphenol vitellogenin concentration-response curve. Control fish were again only exposed to DMFA. Following total RNA purification of the treated livers, two bands were generated by RT-PCR. The larger of the bands was vitellogenin cDNA with 827 bp. The smaller band was the /9-actin internal control cDNA (541 bp). The vitellogenin results were verified with cDNA developed from trout injected ip with 2 mg/kg of 17 /3-estradioI in corn oil (Bradley and Grizzle, 1989) . Since the estradiol was injected in a corn oil vehicle, the vitellogenin response was noticeably lower than expected with this dose. No cDNA Vg band appeared in the control samples. Estrogenic effects, as evidenced by the appearance of the vitellogenin cDNA, could be seen at levels as low as 10 ppb of nonylphenol within 72 hr (Fig. 3) . Figure 4 shows the estrogenic concentration (EC50) and LC50 plots of nonylphenol. The calculated EC50, based on the Spearman-Karber statistical method, was 14.14 ppb of nonylphenol with a 95% confidence limit ranging from 6.35 to 31.49 ppb.
The lethality of nonylphenol was tested under flowthrough conditions for 72 hr with a concentration range of 0 to 250 ppb (w/v). Observations were made every 24 hr with the results applied to the Spearman-Karber statistical method. The LC50 was calculated at 193.65 ppb of nonylphenol with a 100% binomial confidence limit of 150 to 250 ppb.
The calculations were done on a computer program (Version 1.5) developed by the Ecological Monitoring Research Division of the U.S. EPA.
DISCUSSION
The work reported in this paper illustrates the utility of RT-PCR in detecting low levels of vitellogenin mRNA induced by nonylphenol in rainbow trout liver. Using this method, vitellogenin induction by nonylphenol was detected after 1 day of flow-through exposure to nonylphenol.
When rainbow trout were exposed for 72 hr to nonylphenol, a maximum induction of vitellogenin was observed. After a transfer to fresh water, a substantial decrease in the level of vitellogenin was seen at 48 hr posttransfer. This rapid decrease in the level of vitellogenin could be due to either depuration of nonylphenol or depuration of nonylphenol combined with a decrease in vitellogenin mRNA.
An important finding in this study is that the concentration-response curve for nonylphenol induction of vitellogenin mRNA is far to the left of the concentration-lethality curve for nonylphenol. This observation indicates that the potency of nonylphenol for its estrogenic effect is much greater than its lethal effect. These in vivo studies indicate that nonylphenol is apt to be estrogenic in the environment at concentrations which are not lethal and tend to confirm the environmental hazard of nonylphenol. 
